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Abstract
Motivated by the 3.8σ deviation from no CP violation hypothesis for the CP asymmetry (CPA)
difference between D0 → K+K− and D0 → π+π−, reported recently by LHCb and CDF, we
investigate the CP violating effect due to the left-right (LR) mixing in the general LR symmetric
model. In particular, in the non-manifest LR model we show that the large CPA difference could
be explained, while the constraints from (ǫ′/ǫ)K and D
0-D¯0 are satisfied.
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In the standard model (SM), we expect that the CP asymmetries (CPAs) in D0 decays,
defined by
ACP (D
0 → f) ≡ Γ(D
0 → f)− Γ(D¯0 → f)
Γ(D0 → f) + Γ(D¯0 → f) , (f = K
+K− , π+π−) (1)
should be vanishingly small, and therefore an observation of a large CPA in the charm sector
clearly indicates physics beyond the SM. Recently, both LHCb [1] and CDF [2] collaborations
have seen a large difference between the time-integrated CPAs in the decays D0 → K+K−
and D0 → π+π−, ∆ACP ≡ ACP (D0 → K+K−)−ACP (D0 → π+π−), given by
∆ACP = (−0.82± 0.21(stat.)± 0.11(sys.))% (LHCb) ,
= (−0.62± 0.21(stat.)± 0.10(sys.))% (CDF) , (2)
based on 0.62 fb−1 and 9.7 fb−1 of data, respectively. By combing the above results with
fully uncorrelated uncertainties, one obtains the average value [2]
∆AavgCP = (−0.67± 0.16)% , (3)
which is about 3.8σ away from zero.
As the time dependent CPA involves both direct and indirect parts, i.e. AdirCP (D
0 → f)
and AindCP (D
0 → f), one gets [1]
∆ACP ≃ ∆AdirCP + (9.8± 0.3)%AindCP , (4)
where ∆AdirCP ≡ ACP (D0 → K+K−) − ACP (D0 → π+π−) and AindCP ≡ AindCP (D0 → f) is
universal for f = K+K− and π+π− and less than 0.3% due to the mixing parameters. It
is clear that the average value in Eq. (3) is dominated by the difference of the direct CP
asymmetries, ∆AdirCP .
In order to have a nonzero direct CPA, two amplitudes A1 and A2 with both nontrivial
weak and strong phase differences, θW and δS, are essential, giving the CPA
ACP (D
0 → f) = −2|A1||A2| sin θW sin δS|A1|2 + |A2|2 + 2|A1||A2| cos θW cos δS . (5)
The SM description of the direct CPA for D0 → f arises from the interference between tree
and penguin contributions, in which decay amplitudes have the generic expressions
AqSM(D
0 → f) = V ∗cqVuq
(
T qSM + E
q
SMe
iδq
S
)
− V ∗cbVubP qSMeiφ
q
S , (6)
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where q = (d, s) represents f = (π+π−, K+K−), respectively, Vq′q is the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element, T ′SM(P
′
SM) denotes the tree (penguin) contribution in the
SM, E ′SM stands for the contributions of W-exchange topology, and δ
q
S(φ
q
S) is the associated
CP-even phase. Due to the hierarchy in the CKM matrix elements V ∗cqVuq ≫ V ∗cbVub, the
direct CPA could be estimated by
AdirCP (D
0 → f) ∼ Im
(
V ∗cbVub
V ∗cqVuq
)
2P qSM
|T qSM + EqSMeiδ
q
S |2 (T
q
SM sinφ
q
S + E
q
SM sin(δ
q
S − φqS)) . (7)
With Im(V ∗cbVub/V
∗
cqVuq) ≈ ±A2λ4η, EqSM ∼ T qSM , and sin φqS ∼ sin(δqS − φqS) ∼ O(1), we
could have
ACP (K
−K+) ∼ −ACP (π−π+) ∼ −A2λ4ηP
q
SM
T qSM
. (8)
Unless P qSM could be enhanced to several orders larger than T
q
SM by some unknown QCD
effects, normally the predicted ∆ACP in the SM is far below the central value in Eq. (3).
The detailed analysis by various approaches in the SM can be referred to Refs. [3–7]. Clearly,
a solution to the large ∆ACP in Eq. (3) is to introduce some new CP violating mechanism
beyond the CKM.
To understand the LHCb and CDF data, many theoretical studies [3–30] have been done.
Since the mixing induced CPA in D-meson now is limited to be less than around 0.3% and
no significant evidence shows a non-vanishing CPA, if a large ∆ACP indicates some new
physics effects, the same mechanism contributing to AindCP should be small or negligible. To
satisfy the criterion of a small AindCP , it is interesting to explore the tree induced new CP
violating effects in which the loop contributions are automatically suppressed. In this paper,
we examine the new CP source associated with right-handed charged currents and the left-
right (LR) mixing angle, ξ, in a general SU(2)L×SU(2)R×U(1) model [31, 32]. It is known
that the unitarity of the CKM matrix gives a strict limit on ξ [35]. However, it was found
that the allowed value of the mixing angle indeed could be as large as of order of 10−2 when
the right-handed mixing matrix has a different pattern from the CKM and carries large CP
phases [32]. The constraints from rare B decays could be referred to Refs. [33, 34]. Based
on the possible large new CP phases and sizable ξ, we study the impact on the direct CPAs
in D0 → f decays.
In terms of the notations in Ref. [32], we first write the mass eigenstates of charged gauge
3
bosons as 
W±L
W±R

 =

 cos ξ − sin ξ
eiω sin ξ eiω cos ξ



W±1
W±2

 . (9)
The phase ω arises from the complex vacuum expectation values (VEVs) of bidoublet scalars
which are introduced to generate the masses of fermions. SincemW ≪ mWR, it is more useful
to take the approximation of cos ξ ≈ 1 and sin ξ ≈ ξ . Accordingly, the charged current
interactions in the flavor space can be expressed by
− LCC = 1√
2
U¯γµ
(
gLV
LPL + gRξV¯
RPR
)
DW+1
+
1√
2
U¯γµ
(−gLξV LPL + gRV¯ RPR)DW+2 + h.c. (10)
where the flavor indices are suppressed, V L is the CKM matrix, V¯ R = eiωV R and V R is the
flavor mixing matrix for right-handed currents. Consequently, the four-Femi interactions for
c→ uqq¯ induced by the LR mixing are given by
Hqχχ′ =
4GF√
2
gR
gL
ξ
[
V χ
′
uq V
χ∗
cq (C
′
1(µ)(u¯q)χ′(q¯c)χ) + C
′
2(µ)(u¯αqβ)χ′(q¯βcα)χ)
+ V χuqV
χ′∗
cq (C
′
1(µ)(u¯q)χ(q¯c)χ′) + C
′
2(µ)(u¯αqβ)χ(q¯βcα)χ′)
]
, (11)
where χ = L(R) and χ′ = R(L) while q = s(d), and (q¯q′)L(R) = q¯γ
µPL(R)q
′. The Wilson
coefficients C ′1 = η+ and C
′
2 = −(η+ − η−)/3 with QCD corrections could be estimated by
[36, 37]
η+ =
(
αs(µ)
αs(mc)
)−3/27(
αs(mc)
αs(mb)
)−3/25(
αs(mb)
αs(mW )
)−3/23
,
η− = η
−8
+ . (12)
Due to the suppression of g2R/m
2
R, as usual we neglect the WR itself contributions [32, 37].
Based on the decay constants and transition form factors, defined by
〈0|q¯′γµγ5q|P (p)〉 = ifPpµ ,
〈P (p2)|q¯γµc|D(p1)〉 = FDP+ (k2)
{
Qµ − Q · k
k2
kµ
}
+
Q · k
k2
FDP0 (k
2) kµ , (13)
respectively, with Q = p1+p2 and k = p1−p2, the decay amplitude for D0 → f in the QCD
factorization approach is found to be
AqLR(D
0 → f) = (V¯ R∗cq V Luq − V L∗cq V¯ Ruq)T qLR (14)
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with
T dLR =
GF√
2
gR
gL
ξa′1fpiF
Dpi
0 (m
2
D −m2pi) ,
T sLR =
fK
fpi
FDK0
FDpi0
m2D −m2K
m2D −m2pi
T dRL ,
and a′1 = C
′
1 + C
′
2/Nc. The associated branching ratio could be obtained by B(D0 → f) =
τD| ~pf |Aq(D0 → f)|2/8πm2D, where τD is the lifetime of the D0 meson, |pf | is the magnitude
of the π(K) momentum and Aq = AqSM+A
q
LR. With V
L
us ≈ −V Lcd ≈ λ, the squared amplitude
differences between D0 → f and its CP conjugate are
|Ad|2 − |A¯d|2 = −4EdSMT dLR sin δdS
a′1
a1
ξ
(
λ2ImV Rud − λImV Rcd
)
,
|As|2 − |A¯s|2 = −4EsSMT sLR sin δsS
a′1
a1
ξ
(
λImV Rus + λ
2ImV Rcs
)
. (15)
Clearly, the direct CPA in D0 → f decay will strongly depend on the CP violating phases in
V Rcq,uq. Since the (pseudo) manifest LR model, denoted by V
L = V R
(∗)
, has a strict limit on
ξ, in this paper, we only focus on the non-manifest LR model, where except the unitarity,
the elements in V R are arbitrary free parameters.
In the numerical calculations, the input values of the SM are listed in Table I [4, 38, 39],
where the resulting branching ratios (BRs) for D0 → (π−π+, K−K+) are estimated as
(1.38, 3.96)× 10−3, while the current data are B(D0 → π−π+) = (1.400± 0.026)× 10−3 and
B(D0 → K−K+) = (3.96 ± 0.08) × 10−3 [39]. Although the QCD related SM inputs are
TABLE I. Numerical inputs for the parameters in the SM.
T dSM T
s
SM E
d
SM E
s
SM δ
d
S δ
s
S
3.0× 10−6GeV 4.0× 10−6GeV 1.3× 10−6GeV 1.6× 10−6GeV 145◦ 108◦
V Lus mpi(K) mD fpi(K) F
Dpi(K)
0 mt
0.22 0.139(0.497)GeV 1.863GeV 0.13(0.16)GeV 0.666(0.739) 162.8 GeV
extracted from the Cabibbo allowed decays, the influence of the new effects on these decays
is small. Due to the W-exchange topology dominated by the final state interactions, the
short-distance effects could be ignored. It is known that the box diagrams with WL and
WR yield important contributions to the K
0-K¯0 mixing [40]. However, due to the quarks
in the diagrams for the D-system being down-type ones, we find the enhancement on the
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D0-D¯0 oscillation is small. Hence, the constraint from ∆mD could be ignored. Since the
CPAs involve V Rud,us, we need to consider the constraint from the direct CPA in K → ππ
decays. Using the result in Ref. [41], we know (ǫ′/ǫ)K ∼ 1.25× 10−3gR/gLξIm(V¯ Rus−λV¯ R∗ud ).
Therefore, to avoid the constraint from (ǫ′/ǫ)K , we adopt two cases: (I) Im(V
R
us,ud)→ 0 and
(II) Im(V¯ Rus) ≈ λIm(V¯ R∗ud ) [41]. We investigate the two cases separately as follows:
Case I: In this case, Eq. (15) is simplified as
|Ad|2 − |A¯d|2 = 4EdSMT dLR sin δdS
a′1
a1
ξλImV¯ Rcd ,
|As|2 − |A¯s|2 = −4EsSMT sLR sin δsS
a′1
a1
ξλ2ImV¯ Rcs . (16)
In general, V Rcd and V
R
cs are free parameters. In order to illustrate the impact of the LR mixing
effects on ∆ACP and make the CPAs of π
+π− and K+K− modes to be more correlated, an
interesting choice is V¯ Rcd ≈ −λeiθ and V¯ Rcs ≈ eiθ. Hence, the involving free parameters for the
CPAs are the CP phase θ and the mixing angle ξ. Using Eqs. (14) and Aq = AqSM + A
q
LR,
BRs for D0 → π+π− (dashed) and D0 → K+K− (dash-dotted) as functions of ξ and θ are
shown in Fig. 1, where 1σ errors of data in BRs with units of 10−3 are taken. From this
figure, we constrain the free parameters as
− 5.3× 10−2 < ξ < −3.× 10−2, 1.47 < θ < 1.87. (17)
Case II: In this case, Eq. (15) becomes
|As|2 − |A¯s|2 = −4EsSMT sLR sin δsS
a′1
a1
ξλ2
(
ImV R∗ud + ImV
R
cs
)
. (18)
Without further limiting the pattern of V R, apparently the situation in Case II is more
complicated. It was pointed out that one can have a weaker constraint on the mass of WR
when the right-handed flavor mixing matrix is centered around the following two forms [32]:
V RA (α) =


1 0 0
0 cα ±sα
0 sα ∓cα

 , V RB (α) =


0 1 0
cα 0 ±sα
sα 0 ∓cα

 , (19)
where cα = cosα, sα = sinα and α is an arbitrary angle. We note that the null elements
denote the values that are smaller than O(λ2), thus their effects could be ignored in the
analysis. We will focus on the implication of the two special forms. In V RA (α), since V
R
cd → 0
and Im(V Rud)→ 0 due to (ǫ′/ǫ)K , only the CPA for D0 → K+K− could be compatible with
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FIG. 1. BRs for D0 → π+π− (dashed) and D0 → K+K− (dash-dotted) and ∆ACP (solid), where
the shaded band represents the allowed region.
the current data, while the CPA for D0 → π+π− decay is small, i.e. ∆ACP ≈ ACP (D0 →
K+K−). With α ≈ 0 which satisfies the constraint from b → dγ [34], we present the
constraint of B(D0 → K+K−) and ∆ACP as functions of ξ¯ = gR/gLξ and θ =arg(V¯ Rcs ) in
Fig. 2, where the shaded band shows the allowed region for the parameters, corresponding
to
0.7× 10−2 < ξ < 1.4× 10−2, 0.56 < θ < 2.61. (20)
For V RB (α), due to V
R
ud,cs → 0, the CPA for D0 → K+K− is small and only ACP (D0 →
π+π−) could be compatible with the data. As a result, we have ∆ACP ≈ −ACP (D0 →
π+π−). Similar to V RA (0) with α = 0, we display B(D0 → π+π−) (dashed) and ∆ACP
(solid) as functions of ξ¯ and the phase θ defined as V¯ Rcd = −λe−iθ in Fig. 3. In this case, the
allowed ξ is negative
− 1.6× 10−2 < ξ < −0.6× 10−2, 1.12 < θ < 2.76. (21)
In summary, we have studied the impact of the LR mixing in the general LR model
on the CPA difference between D0 → K + K− and D0 → π+π−. It is found that when
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FIG. 2. BR for D0 → K+K− (dash-dotted) and ∆ACP (solid), where the shaded band stands for
the allowed region.
the constraint from (ǫ′/ǫ)K is considered, the proposed LR mixing mechanism could be
compatible with the value of ∆ACP averaged by the LHCb and CDF new data. To il-
lustrate the influence of the LR mixing effects, we have adopted two cases for the new
flavor mixing matrix V¯ R to explain the large ∆ACP . In Case I, we have found that
ACP (D
0 → K+K−) ≈ −ACP (D0 → π+π−) can be achieved. In Case II, we have used two
special forms for V R, resulting in ACP (D
0 → π+π−) ≈ 0 and ACP (D0 → K+K−) ≈ 0,
respectively.
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